Fecal steroid analyses were conducted on captive (n ¼ 10) and free-ranging (n ¼ 2) sun bears (Helarctos malayanus) in order to establish a noninvasive technique for monitoring endocrine profiles during the estrous cycle and pregnancy. Secondly, the effect of the contraceptive porcine zona pellucida protein (PZP) on reproductive function was studied. Finally, we investigated whether the sun bear, naturally living in the aseasonal tropical forests of Southeast Asia, is a seasonal breeder. Fecal samples were collected over periods of 7-48 months in captive untreated (n ¼ 8) and PZP-treated (n ¼ 2) female sun bears. In addition samples were collected over a period of 12 months from radio-collared free-ranging females (n ¼ 2) in their natural habitat in Indonesian Borneo. Androgens, precursors of estrogens, were found to be reliable indicators of the follicular phase, whereas estrogens were found unsuitable. Pregnanediol assay was found to be a reliable indicator of luteal function. Results indicate that sun bears are polyestrous, nonseasonal breeders. Interestrus intervals in nonpregnant animals (n ¼ 2), which were monitored for 27 months, were between 140 and 216 days. Luteal phases (89:6 AE 3:7 days; n ¼ 9) were preceded by androgen peaks of 15:2 AE 1:0 days (n ¼ 10). Hormonal profiles of two females treated with PZP indicated missing ovarian activity in one, and persistent follicular and luteal activity in another animal. However, extended periods of missing ovarian, and persistent follicular and luteal activity were also observed in other sun bears studied. #
Introduction
The sun bear, Helarctos malayanus, is the smallest species in the ursine family (adult weight 27-65 kg) and inhabits tropical rainforests of Southeast Asia; its distribution ranges from the eastern edge of India, through Myanmar, Lao-PDR, Cambodia, Vietnam, Thailand, Malaysia to the islands of Sumatra and Borneo. Although no reliable data concerning sun bear population numbers are available, the species is threatened by large-scale habitat destruction and poaching [1, 2] . Information about sun bear social organization and reproductive behavior in the wild is limited. In captivity, cubs are born throughout the year and litters usually consist of one cub [3] [4] [5] . Only one twin pair among 57 surviving offspring in European zoos has been observed [4] . The gestation period in zoos were reported to be 95-107 days, and, according to studbook data, the inter-birth interval of sun bears, in which cubs died after parturition, is only 126 AE 9 days, suggesting there was no delayed implantation [3, 4] . In the wild, cubs most likely remain with their mothers until they are fully grown ($2 years), as reported for other ursid species [1, 2] .
The current population of sun bears in European and American Zoos is about 50 and 60 animals, respectively [4] . The captive population has been declining since 1990, but it is considered at carrying capacity as several institutions decided to stop keeping sun bears. More than half of the 16 cubs born in the European population during the last decade are still in their natal group. Consequently, a method of contraception has been deemed necessary. The successful use of porcine zona pellucida protein (PZP) in ungulate and carnivore species [6] has encouraged the zoos of Cologne (Germany) and Romaneche (France) to test this contraceptive on sun bears.
The objectives of this study are three-fold. Firstly, we wanted to establish a noninvasive technique for monitoring endocrine profiles during estrous cycle and pregnancy in sun bears. Secondly, we wanted to monitor the effect of the contraceptive PZP on endocrine ovarian function. And thirdly, we wanted to investigate whether sun bear reproduction is seasonal.
Materials and methods

Animals and sample collection
The female sun bears (n ¼ 12) included in this study are listed in Table 1 . Females kept in zoos were housed together with males, except for the PZP-treated animal Bärlein from Cologne zoo, which was without a male contact between August 1996 and November 1997. Group compositions (male-female) were: Basle Zoo 1.2; Cologne Zoo 1.3; Frankfurt Zoo 1.1; Jihlava Zoo 1.1; Münster Zoo 1.4; Romaneche Touroparc 1.3. Females in the groups in Cologne Zoo, Münster Zoo, and Romaneche Touroparc were related animals. The other study animals were unrelated to members of their own group. The captive sun bears included in this study were sexually mature animals; their breeding history and ages at the onset of this study are listed in Table 1 . The exact body weights of the captive animals were not known, but were estimated to be over 50 kg in each individual, and as such were higher than known body weights from sun bears in the wild [4] .
The two free-ranging females in Indonesian Borneo were confiscated at different times and locations, and subsequently radio-collared and released at the study site; the two females were unrelated. These free-ranging animals were about 3 years at the onset of this study and it is possible that they were only reaching sexual maturity. Freshly defecated fecal samples were collected over periods of 7-48 months. Samples were collected one to three times per week; sampling frequency was increased up to six samples per week during periods of estrus. Estrus was determined by opportunistic observations made by the animal keepers. In most cases estrus was detected by mating. There were only a few other behavioral correlates of estrus, which did not occur in each animal, i.e. rubbing of the vulva, prolonged close proximity to the male, aggressiveness towards females in the group. Behavioral estrous varied in lengths inter-and intraindividually between 1 and 11 days.
Samples from zoo animals were collected after observed defecation or after identifying feces by the green marker dye chromium III oxide, which was fed in order to color the feces of the study animals. Samples collected at the zoos were stored frozen at À20 8C. Samples from the wild were also collected after observed defecation from the two free-ranging radio-collared females. Samples collected in the field were stored in 95% alcohol.
Additionally, ad libitum observations of wild sun bears were made in East Kalimantan (Indonesian Borneo) and birth dates calculated for natural habitat. For these calculations, the size of the wild cubs were estimated and correlated with growth curves of confiscated cubs. During a period of 25 months a total of 18 birth dates could be determined with reasonable certainty.
Treatment with porcine zona pellucida protein (PZP)
Two female sun bears were treated with the contraceptive PZP, according to protocols by Dr. J.F. Kirkpatrick (Billings, Montana) who provided the PZP. The dose was 65 mg for each intramuscular injection. Times of treatment in relation to this study and treatment intervals are given in Table 1 . Initial treatment was given with complete Freund adjuvant, whereas incomplete Freund adjuvant was used for booster injections.
Extraction of fecal samples and enzyme-immunoassays
Feces were extracted with methanol; briefly fresh feces (0.5 g) were mixed with 0.5 ml of distilled water and 4 ml of methanol, and subsequently mixed and vortexed with 3.0 ml petroleum ether as described and used for several other species [7] . Feces collected from the wild was lyophilized before extraction. The water content of feces is about 80%. Therefore, lyophilization increases fecal steroid concentrations about four-to five-fold. Except for differences in the concentration, results are comparable as fluid removal from the feces does not effectively alter steroid profiles, and, as it was found that concentrations between frozen and lyophilized fecal samples are highly correlated [7] .
The methanol fraction from the extract was diluted and analyzed using group-specific enzyme-immunoassays (EIA) [7, 8] . In a preliminary set of samples, EIAs for immunoreactive progesterone, androgen and estrogen metabolites were tested for their ability to detect follicular and luteal phases. Briefly, group-specific antibodies were raised in rabbits and assays included 20-oxo-pregnanes (antibody: 5a-pregnane-3b-ol-20-one 3HS:BSA; progesterone crossreactivity in this assay is 100%), 20a-OH-pregnanes (5b-pregnane-3a-20a-diol 3HS:BSA; trivial name pregnanediol), 17-oxo-androgens (5a-androstane-3,17-dione 3-CMO:BSA; trivial name epiandrosterone), and total estrogens (estradiol-17b-OH 17HS:BSA). Intra-and inter-assay coefficients of variation of these assays were between 10 and 15% [8] .
Data analysis
Definition of the anestrous period, the follicular (FP) and luteal phases (LP) of the reproductive cycle were based on the analysis of fecal 17-oxo-androgens and 20a-OHpregnanes, respectively. As samples were not collected every day, the interval between two consecutive values was divided by two and resulting values added to the FP and the LP, respectively. Data in the results are presented as mean AE S:E:M.
Calculations for definitions of the FP and LP were made from wet feces collected from captive animals. Firstly, LP was defined as the period when 20a-OH-pregnanes had increased and remained at >150 ng/g feces. Secondly, mean values of all 20a-OH-pregnanes below 150 ng/g were calculated. This resulted in 63:4 AE 96:0 ng/g (mean AE S:D:). From this a new threshold for LP was calculated. We defined the LP when 20a-OH-pregnanes concentrations were three standard deviations above the mean. This resulted in 351.4 ng/g and the new threshold was set at 350 ng/g for final calculations of the onset and the end of the LP. Subsequently, the mean for the 17-oxo-androgen values during the LP were calculated and used to define the threshold for the definition of the FP. The 17-oxo-androgens concentrations during LP were 31:9 AE 37:0 ng/g (mean AE S:D:); from this the mean þ three SD was calculated as 142.9 ng/g. For further calculations a 17-oxo-androgen cut off value of 150 ng/g feces was used to define the FP. Accordingly, the final threshold for definitions of the anestrous period was set at 20a-OH-pregnane and 17-oxo-androgen values below 350 and 150 ng/g feces, respectively.
Results
Determination of suitable assays
In a preliminary study, four assays for the determination of progesterone, androgen, and estrogen metabolites were tested. Results for one reproductive cycle from the animal 'Sichel' are shown in Fig. 1 . The assays for 17-oxo-androgen (epiandrosterone antibody) and for 20a-OH-pregnanes (pregnanediol antibody) were suitable for monitoring the follicular and the luteal phase, respectively. The androgen peak coincided with behavioral estrus and mating. Because estrogens and 20-oxo-pregnanes were unsuitable for estrous cycle monitoring, these assays were not used for further analysis.
Reproductive pattern and seasonality
Captive animals
In nonpregnant animals, estrous cycles (n ¼ 9) consisting of a follicular phase followed by a luteal phase occurred in four animals (Sichel, Mali, Bali, Bärlein; Figs. 2, 3, and 6).
The calculations of the mean follicular and luteal phase lengths were based on fecal 17-oxo-androgen and 20a-OH-pregnane concentrations, respectively. The FP and LP lengths of the sun bears in this study were 15:2 AE 1:0 (range: 8-21, n ¼ 10) and 89:6 AE 3:7 (range: 74-111, n ¼ 9) days, respectively; FP of Bärlein (Fig. 6 ), that were not followed by a LP, were not included in this calculation. The 20a-OH-pregnane concentrations started to increase to LP values only about 10 days after 17-oxo-androgens had decreased to basal values at the end of the FP. Therefore the interval from the beginning of the follicular to the beginning of the luteal phase was longer (25:0 AE 2:6 days; n ¼ 9; range 11-35 days) than the calculated FP length.
The animals 'Sichel' and 'Mali' from Münster zoo exhibited several subsequent estrous cycles (Fig. 2) . The estrus intervals of 'Sichel' were $145 days (n ¼ 3). Those of 'Mali' were 216 and 150 days, respectively. Follicular and luteal phases in both animals were missing for periods of over 6 months during the second year of study. During this time a period of behavioral estrus was observed in Mali, however, this estrus did not coincide with a parallel increase in fecal 17-oxo-androgen levels.
Fecal steroid levels in pregnant animals ( Fig. 3) were comparable to those during estrous cycles in nonpregnant animals. However, 20a-OH-pregnane levels in the pregnant female 'Bali' increased to LP levels approximately one month after conception (Fig. 3a) and decreased to levels below 500 ng/g feces 2 weeks before parturition.
Missing follicular and luteal activity for periods of 7-10 months was observed in four captive animals (Fig. 4) . Of these, 'Li' had a follicular period of 20 days, which was not followed by a luteal phase. 'Bao' was acyclic for 10 months in 1998, but had a normal pregnancy in 2000.
Free-ranging bears
Fecal steroid concentrations in two radio-collared, free-ranging sun bears were measured in lyophilized fecal samples, and thus concentrations were about four to five times higher than those found in the wet feces of the captive animals. Elevated estrogen precursors were observed twice during the period of 1 year in the female 'Ganja' (Fig. 5b) . These follicular periods lasted about one month, but consisted of two periods of elevated steroid levels of about 8 and 20 days, each. Periods of elevated estrogen precursors were not followed by subsequent elevations in fecal progesterone metabolites. The peak in December coincided with externally swollen and pink genitalia as well as estrus behavior (rubbing of genitalia on logs, sluggishness). The first follicular peak coincided with the driest period of the year, whereas the second occurred during the wet season. The animal 'Ucil' showed two minor rises in estrogen levels during the same 12-month period.
Reproduction of wild sun bears in East Kalimantan
During a period of 25 months in the forest in East Kalimantan (Indonesian Borneo), 62 independent observations of wild bears were made, out of which 19 observations involved two or more bears. A total of 18 birth dates could be determined from the wild with reasonable certainty, including data from newly born cubs confiscated by wildlife authorities, and newly born cubs encountered in logs. This resulted in cubs being born in 15 out of 25 months between May 1997 and May 1999. The first year (1997) was an El Nino year when rainfall patterns were 'abnormal' and there was a drought for more than a year. Although rainfall patterns are not consistent on an annual basis, a distinction could be made between a 'wet' season (around November to April) and a 'dry' season (around May to October) (t-test, t ¼ 4:96, d:f: ¼ 6, P ¼ 0:002). No significant difference was found in the number of cubs born during the dry season (n ¼ 7) and the wet season (n ¼ 11) (MannWhitney, T ¼ 143, P ¼ 0:495).
Effects of PZP treatment
Results of the PZP treatment are shown in Figs. 6 and 7. The animal 'Bärlein' (Fig. 6 ) received four PZP injections between autumn 1994 and beginning of 1996 (for details see Table 1 ). Two unsuccessful matings in the second year after PZP treatment were not associated with an increase in the fecal estrogen precursors. Elevated androgen levels during the three follicular phases that followed lasted for 30, 32, and 26 days, respectively. These three follicular phases thus were considerably longer than the 17-day-long follicular phase at the end of the sample collection period, which was followed by a subsequent luteal phase of 111 days.
Results obtained from the second PZP-treated sun bear ('Ours') diverged from the above (Fig. 7a) . Fecal steroid levels in this female remained elevated for 17-oxo-androgens over a period of 10 months and indicated persistent follicular activity. Even the 20a-OH-pregnane concentrations were elevated for 5 of these months. These results were comparable to those of 'Anak' (Fig. 7b) , who was not treated with PZP. 
Discussion
Results of our endocrine studies, and supplementary confirmatory data collected from the wild, demonstrate that the sun bear is a polyestrous, nonseasonal breeder. These findings correspond with analysis of studbook data [4] . This is different than the other bear species of the Northern hemisphere (American and Asiatic black bear, brown bear, polar bear, sloth bear and giant panda), which mate from spring to summer and birth mostly in early winter [1, 2, [9] [10] [11] [12] [13] [14] [15] [16] [17] . In the other tropical bear species, the spectacled bear, cubs are born between December and February, a couple of months before fruit production is at its highest, so that the cubs can feed on fruits [18, 19] .
Our results disagree with Onuma and coworkers [20, 21] , who report a yearly seasonal rise in estrogen levels in captive sun bears in Sarawak, Malaysia, coinciding with inferred delivery during the wet season in December through January. However, collection of samples during their studies were infrequent (once every 2 weeks), and it is possible that rises in estrogen levels could have been missed. Even more important in this regard is that estrogen analysis, according to our results, does not seem to be a reliable indicator of the follicular phase. In addition, sun bear cubs in zoos and in the wild were born throughout the year [4] . Moreover, seasonality throughout the distribution range of the sun bear varies significantly and can be unpredictable, from its western edge in Myanmar with large monsoons to its eastern edge in Kalimantan, where prolonged El Niño droughts occur [22] . Sun bear food availability in its natural habitat is not fluctuating in accordance to strict seasons; large-scale fluctuations in fruit production occur at supra-annual intervals of 2-10 years in large parts of Southeast Asia [22] , whereas insect availability can remain stable throughout the year [23] .
Interspecies comparison of fecal endocrine data from several animal species demonstrates the importance of testing several steroid assays for reproductive investigation [7] . Androgens, precursors of estrogens, were found to be reliable indicators of the follicular phase in our study, whereas pregnanediol was a good indicators of luteal function. In contrast to hormonal studies by Onuma and coworkers [20, 21] estradiol and progesterone assays were found to be unsuitable for the analysis of fecal hormones in sun bears. On the other hand, results by other authors [12, 24, 25] show that estradiol and progesterone assays can be used for the analysis of fecal steroids in brown bears, whereas a pregnanediol assay was used for the analysis of urinary progesterone metabolites in the giant panda [26] . In other carnivore species, i.e. the domestic dog, luteal phases were monitored analyzing fecal progesterone metabolites [27, 28] , whereas the pregnanediol assay used in our study on sun bears was found to be less suitable [28] . Additionally, in the dog, androgen metabolites are excreted into the feces during the follicular phase [27, 29] . Progesterone and estrogen assays are also used for monitoring ovarian function in a wide range of exotic feline species [30, 31] . In yet another species, the Indian rhinoceros fecal estrogens and androgens are indicators of the follicular phase and pregnanediol and 20-oxo-pregnanes are indicators of the luteal phase [8] . According to observations in captivity, pregnancy length in sun bears is 95-107 days [3] [4] [5] . Gestation length in other ursine species is more variable, e.g. 128-161 days in giant pandas, 150-272 in spectacled bears, 151-301 days in polar bears, and 190-260 days in brown bears. Most likely this variable length is due to different length of the embryonic diapause (delayed implantation), which is confirmed to occur in American and Asiatic black bears, brown bears, spectacled bears and polar bears, with implantation of the blastocyst occurring in November. Progesterone concentrations during diapause are low, and increase only gradually until implantation, which is characterized by a sharp increase and high progesterone levels until parturition [1, 2, [10] [11] [12] [13] [14] [15] [16] [17] [18] [32] [33] [34] . Progesterone metabolites in the pregnant animal 'Bali' increased above threshold levels approximately one month after mating and decreased 2 weeks before parturition. Nonetheless, because variation in pregnancy length in sun bears is only moderate and its reproduction is nonseasonal, it is not assumed that this endocrine pattern is due to embryonic diapause. However, further research on the embryonic development in sun bears is needed to clarify this question. Progesterone metabolites in pregnant and nonpregnant animals were comparable in our study. This is in agreement with studies on plasma progesterone in other bears species [13, 15, 33, 34] , but contrasts the finding of fecal progesterone metabolites in the dog, in which pregnant animals excreted higher concentrations than nonpregnant animals [27] . The length of the luteal phase seems to be similar in pregnant and nonpregnant sun bears. The mean luteal phase length in this study was about 90 days; the interval from the beginning of the follicular to the beginning of the luteal phase was about 25 days. These numbers sum to $115 days, comparable to the interbirth-interval of 126 AE 9 days observed in captive sun bears where cubs died after birth. Postpartum estrus in these animals occurred within 2-5 weeks after parturition [4] .
Induced ovulation has been proposed to occur in other bear species [35] and was confirmed by laparoscopy to occur after mating in the American black bear [36] . It is possible that social contacts in sun bears act as stimuli to induce ovarian activity. However, as several complete estrous cycles consisting of follicular and luteal phases were observed in this study, the sun bear is not regarded as a classical induced ovulator in which the preovulatory LH surge is solely released by receipt of genital somatosensory stimuli during mating [37] . Possibly, sun bears could be compared with certain feline species. In these primarily induced ovulators, spontaneous ovulations have been observed occasionally in group housed females and the duration and magnitude of the LH surge are related to the amount of coital stimulation received [37] . In a study of ovulation-triggers in lions, one out of five study animals underwent spontaneous ovulation, whereas in four lionesses ovulation was induced by mounting [38] .
Unexplained ovarian inactivity for periods of more than 8 months was observed in several animals in our study. This inactivity also occurred in animals, which had several normal estrous cycles prior to these inactive periods, as well as in an animal which was pregnant after such a period. A period of follicular activity in the animal 'Li' was not followed by a luteal phase and similar data were observed in one animal in the wild. No clear explanation has been found for these periods of ovarian inactivity. All captive females during this study were together with a male and had opportunities for social and sexual interactions. Thus, for sun bears it still remains to be studied to what extend ovulation is triggered by mating or other forms of social contact, or whether it is a combination of spontaneous and induced ovulation as is known to occur in several felid species [30, 31, 38] .
PZP is widely used for contraception in ungulate and carnivorous species [6, 39] . In the majority of studies, reversibility of PZP immuno-contraception was tested by the occurrence of pregnancies. Only a few studies included monitoring of ovarian and endocrine function. Long-term treatment of feral mares demonstrated that immuno-contraception was reversible after PZP treatment for over 70% of mares treated for 1-5 consecutive years. However, immuno-contraception was not reversible in mares treated for 7 consecutive years [40] . Other studies, i.e. in bitches, rabbits, common marmosets and baboons, indicated that PZP treatment can be associated with a decline in ovarian hormone production and ovulation rates. The correlation of ovarian damage with PZP immunization depends on factors such as purity of the antigen, susceptibility, adjuvants and the presence of T-and B-cell epitopes [39] .
Comparable to these studies, PZP treatment of sun bear could have caused altered ovarian function. Fecal steroid levels in one animal ('Ours') indicated the presence of persistent follicular and luteal activity, but this was also the case in a nontreated animal. The second PZP-treated animal ('Bärlein') had missing ovarian activity over an extended period. In this animal three periods of prolonged follicular activity were observed, before a normal estrous cycle occurred four years after PZP treatment. This animal died one year after endocrine analysis had ended; at post-mortem investigation macroscopically and microscopically normal ovaries were found (Göritz and Jewgenow, personal communication). As a consequence of these results in two animals in this study, a final recommendation whether and how this contraceptive method could be applied to sun bears is not possible. If this treatment is to be developed further, additional studies monitoring the effects of PZP on ovarian function are necessary.
In conclusion, monitoring of follicular and luteal phases in sun bears is possible using fecal steroid assays for 17-oxo-androgens and pregnanediol, respectively, whereas the more classical assays for estrogens and progesterone metabolites were unsuitable. Results demonstrate that the sun bear is a nonseasonal breeder, with follicular and luteal phases of 2 weeks and 3 months in lengths, respectively.
